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.ABSTRACT
This quarterly report covers the period August - October 1968 on
,JPL Contract No. 952251 concerning radiation effects in lithium doped
silicon. Studies of the annealing of irradiated lithium doped crucible
silicon solar cells indicate considerable improvement over previous
devices with annealing tames of the order of 10 days at room temperature.
Considerable divergence is evident in the data indicating strong response
dependence on subtle manufacturing techniques or material characteristics
which are not normally identified. A group of float zone lithium doped
solar cells were studied as a function of redistribution time at 250°C.
The lithium concentration at the junction is observed to rise rapidly
until a maximum is reached after which further redistribution reduces the
lithium concentration to an undetectable value. Short circuit current is
reduced as the lithium concentration near the junction reaches a maximum
value. The short circuit current remains constant thereafter even though.
the lithium is being depleted from the junction region. Carrier removal
studies indicate a deep lying acceptor defect which may be resprnsible for
observations of incomplete annealing of lithium doped cells. The use of
LiAlH4
 as a diffusion source eliminates the mechanical problems associated
E
with more commonly used paint-on oil suspensions. Using longer diffusion
i
times, wafers of uniform resistivities ranging from 0.01 to 0.5 ohm- cm
have been prepared in this manner.
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I. INTRODUCTION
This report covers activities during the second three months of
performance on JPL Contract No. 952251. The work prepared here includes
the evaluation of crucible lithium doped silicon solar calls irradiated
at 3 x 101 '5 a/cm2 (1 MeV) and stored at temperatures of 60, 80 and 100°C;
the dependence of .lithium doped cell characteristics as a function of
time at a redistribution temperature of 250°C; carrier removal studies;
and further investigation of the use of LiAlH 4 as an alternate lithium
diffusion source. These efforts are directed toward the two basic
objectives of this program; i.e., evaluation of state-of-the-art
developmental lithium doped silicon solar cells and a more comprehensive
understanding of the role of lithium and the annealing characteristics of
silicon.
II. PROGRESS IN THIS REPORT PERIOD
A Lithium Solar Cell Evaluation Program
The initial group of solar cells for evaluation purposes consisted
of 50 lithium do P.ed crucible silicon solar cells which were irradiated at
3 x 10 15 a/cm2 (1 MeV) and stored at 60, 80 and 100°C for time dependent
annealing studies. Each group of test specimens at each temperature consisted
of three solar cells for purposes of determining deviations within. the
group. Due to the relatively long annealing times of crucible lithium
doped silicon, these types of cells were chosen for evaluation early in the
This report contains information prepared by TRW Systems Group under JPL
subcontract. Its content is not necessarily endorsed by the Jet Propulsion
Laboratory, California Institute of Technology, or the National Aeronautics
and Space Administration.
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program to insure adequate time for data analysis. A detailed description
of the types of cell s tested is given in Tables I and II. The time dependent
annealing characteristics for each group are shown iii Figures 1 through 15.
Since total exposure was not chosen as a dependent variable, the exposure
selected, 3 x 1015 a/crn2 , was picked in order to assure an adequate damage
level for comparison with other existing data on different types of cells.
As has been previously reported by ourselves and other workers, there is a
definite trend toward more complete annealing at lower exposures. Quanti-
tative definition of this dependence on exposure was not an objective of
this series of evaluations.
The results of the experiments are presented in Figures 1 through 15
and will be summarized briefly here. The Cl group received a relatively
short 5 minute diffusion which should have resulted in a correspondingly
lower lithium concentration near the junction. The annealing data supports
these expectations in that relatively good initial characteristics are
obtained while the corresponding annealing rates are slow. The C2 group of
cells, however, does not response as anticipated. Despite the relatively
long lithium diffusion, these cells do not exhibit characteristics which
would be consistent with a significant lithium concentration near the
juncticn. These cells had better than anticipated initial o+ttputs and
following irradiation, exhibitoJ very slow or non -existent annealing
characteristics. Capacitance versus voltage measurements, which will be
discussed in more detail later, indicated for the C2 group a relatively
high donor concentration near the junction which, if the initial
resistivity of the material is as given, would imply an adequate lithium
concentration near the junction. These suppositions are not consistent
with the observed experimental results which imply an almost total lack
I
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3of lithium near the junction. There are several possible explanations
for the observed discrepancies. First, this is the only group of cells
containing antimony as a dopant. Although previous efforts on non-lithium
diffused antimony doped silicon have not shown Any departures from normal
responses, the presence of lithium in combination with antimony might
produce a system and, hence, characteristic responses different than
observed to date for arsenic or phosphorus doped silicon. Secondly,
pulled crystals doped with antimony normally possess a wide variance in
antimony concentration through the crystal due to the solubility characteristics
of antimony in silicon melt and crystal. This variation could account for
an inadvertantly much higher donor concentration near the junction than
would be expected from nominal 5- 20 ohm-cm material. The capacitance
voltage measurements do exhibit much wider than normal variations in donor
concentration as will be shown later.
The H1 and H2 groups of cells were identical except for initial material
resistivity and type of donor. Both groups responded as expected and
exhibited faster annealing characteristics than the Cl and C2 groups
previously discussed. The principle differences between the Hl group and
the H2 group were that the H2 group was superior in initial efficiency and
exhibited a faster recovery time by approximately a factor of 2. Although
sufficient data is not available within this group to determine whether
the superior performance of the H2 group is due to the difference in
resistivity or donor type, previous data would tend to support the fact
that the lower resistivity base material and not the donor type is most
	 ^}
probably the important parameter.
The finalrou of lithium d oped crucible silicon solar	 1g p	 	   eels,
referred to as group T2, were very similar to the previous groups with the
MIMI
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exception that the lithium diffu€ :Lon wai
lithium source as opposed to a paint-on
diffusion characteristics of lithium in
of how the lithium source is applied, a
response of this group of cells was not
information. The observed experimental
s conducted using an evaporated
lithium source. Since the
silicon should be independent
significant difference in the
anticipated based on the given
results, however, clearly indicated
significant differences relative to the rest of the cells tested which
can not be explained at this time. The T2 group as a whole exhibited the
best initial efficiency of a moderately doped lithium cell yet observed,
and in addition exhibited the fastest annealing characteri-tics yet
observed for crucible silicon. In contrast, the T2 group lithium conc.. ,a-
tration near the junction is among the ;lowest of all the groups as shown
in Table III. In spite of their remarkable performance in these areas,
there were unfavorable observations which were not noted for any of the
other cells tested. The I-V character slits of the whole T2 group exhibited
excessive series resistance effects which degraded the form factor of
the I-V characteristic considerably.
	 Although it can not be absolutely
determined whether the poor I-V characteristic obtained for this group of
cells was attributable to the cell itself or the contacts on the light
table, lack of this type of problem with other cells indicates that if
the cell contacts are not resistive, they at best are difficul, to work
with. Although data is not available at this time on the nature of the
cell contacts, they appear to be the same as the other groups tested.
I
One of the principle objectives of performing high temperature
annealing studies on lithium doped crucible grown silicon cells was to
determine in an expedient fashion the room temperature annealing times
by extrapolation of the higher temperature data. These extrapolations
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have been performed for the T2, H1 and 112 groups, but not for the Cl and
C2 groups due to lacy of sufficient response. An activation energy of
0.64 ev. was expected as it has been previously determined that the
annealing follows lithium diffusion kinetics. The implied activation
energies obtained, however, are signific:an d y higher, approximately 0.8 ev.,
which suggests either a different limiting process than simple lithium
diffusion or invalid nssumptions concerning the use of high temperature
data for extrapolations of this typ . Although this apparent deviation
from expected results can not be explained at this time, further efforts
will be extended in this area. In any event, the T2 group of cells, which
exhibited the most rapid annealing rates, extrapolated to a room tem perature
one-half annealed time of approximately 10 days if the actual data is used,
or 3 to 4 days if the data is fit to the 0.64 ev. activation energy. In
any event, these annealing tames represent a significat improvement over
earlier measurements in the past few years although identical experimental
conditions and cell types are not available for quantitative comparison.
In addition, both the Hl and 112 groups exhibited slightly longer but	 ^.
relatively fast extrapolated room temperature annealing times as indicated
in Table II. The responses of the Cl and C2 groups is not yet sufficient
to indicate any trends other than that the annealing times will be considerably
longer.
The results of the capacitance versus voltage measurements are presented
in Table III and are plotted in Figures 16 through 20. In all cases for
purposes of plotting the figures a barrier voltage of 0.5 volts was assumed.
A detailed discussion of the significance of the capacitance versus voltage
- 6 -
concentration of donors and a -1/3 power slope for a gradient of donors
near the junction, as would be the case of the diffusion of lithium to
the junction region. In general, the data presented here seems inconsistent
with what might be expected and was inconsistent with the observed annealing
characteristics of the identical specimens. The Cl group exhibited a
strong -1/3 power capacitance versus voltage dependence implying a donor
concentration gradient near the jucction; yet, the Lithium diffusion
characteristics and the observed annealing responses imply a scarcity of
lithium near the junction. The C2 group is the antimony doped group
previously discussed which exhibits a donor concentration variation of a
factor of 5 among 10 samples and further exhibits a capacitance versus
voltage slope between -1/2 and -1 / 3. These high donor concentrations and
the apparent lack of lithium near the junction based on their observed
annealing characteristics seem inconsistent with the assumption of starting
w
material resistivity in the 5 to 10 ohm-cm range. Both the H1 and H2 groups
exhibited a capacitance versus voltage -1/4 power dependence, for which no
explanation is evident at this time. The T2 group exhibited the expected
-1/3 power dependence, which is consistent with the P
	 P	 ^expec ed based onP
diffusion parameters and agrees with the observed post-radiation annealing
characteristics as previously discussed.
Although the acquisition and analysis of data on this group of cells
is not yet complete, several trends are evident. As previously reported
for other types of lithium doped silicon solar cells, a lower lithium
concentration tends to produce a device with a higher initial efficiency
but a slower recovery rate. Secondly, the higher exposure fluences tend
to induce a higher percentage of permanent degradation which will not
anneal at the temperatures under study here. Understanding and application
I
C
SS	 ^	 c'	 r
rof the capacitance versus voltage characteristic continues to remain a
difficult task and frequenctly exhibits inconsistencies with other
experimental techniques.
	 Finally, a more complete study of the parametric
variations in the processing of this group of cells will be necessary
-x
before identification of the particular elements of the manufacturing
process can be identified which are responsible for the widely divergent
range of responses observed in this group of cells.
B.	 Lithium Redistribution Studies
Centralab semiconductor prepared two groups of'lithium diffused
silicon solar cells for redistribution studies.
	 One group was diffused
for 5 minutes at 425°C and the other 30 minutes at 350°C.
	 These lithium
diffusions were planned to place a high concentration of lithium in the
back of the
	 allowing detectable	 lithiumcells without	 quantities of	 to
reach the junction.
	 After this diffusion, the silicon blank was fabricated
into a completed solar cell. In this way the effects of the redistribution
of lithium can be observed by changes of cell parameters and junction
capacitance. The silicon used was float zone crystal of 65 ohm-cm
resistivity. The lithium redistribution was performed at 250°C. Figure 21
is a plot of donor concentration at the junction versus the determination
time. Cells C3-1, 2 were lithium diffused 30 minutes @ 350°C. Cells C3-33, 34
were lithium diffused 5 minutes @ 425°C. The phosphorus concentration of
the original silicon is also indicated on the figure. It is apparent that
these cells have no detectable lithium at the ;junction before redistribution.
After a short time at 250°C the junction donor concentration begins to rise
at a rapid rate. This rapid increase continues until a maximum is reached.
In the case of cells diffused 30 minutes at 350°C 03-1, 2), a maximum of
about 3 x 10 14 donor atoms / cm, 3 at the junction is reached after 13 hours of
^^ ,.
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redistribution. If the phosphorus concentration is subtrated from the
previous figure a maximum lithium concentration of 2.25-x 1014 atoms /cVP3
at the junction is determined. The maximum for cells diffused 5 minutes
@ 425°C, 0.5 x 1014 Li atoms/cm3 , is reached after 18 hours at 250°C.
After 100 hours at 250°C the lithium concentration at the junction is
again reduced to an undetectable value. It is interesting to note that
cells diffused for 30 minutes at 350°C achieve a higher maximum lithium
concentration and in a shorter time than those diffused 5 minutes at 425°C.
If one assumes that the product of diffusion coefficient and time is the
same for both diffusions, the results indicate a lower surface concentration
of lithium was present at the start of the higher temperature redistribution.
The lithium concentrations found in these cells are in general much lower
than those of previously studied lithium diffused cells, possibly indicating
lower initial lithium surface concentrations in both groups.
Figure 22 is a plot of the short circuit current densities of cells
C3-1, 2, 33, 34 as a function of redistribution time. Cells C3-33, 34 have
initially higher J sc values than the other cells shown. This condition 	 N
persists throughout the redistribution. As previously noted, cells C3-33,
34 also contain several times more lithium than cells C3-1, 2. Since the
cells with the greater lithium concentration have superior Jsc , these
results indicate that the diffusion of significant quantities of lithium
into a solar cell do not necessarily result in an inferior cell. It does,
however, degrade the Jsc a certain amount. This decrease occurs during
the first 10 hours of redistribution at 250°C. The decrease does not appear
to be greatly dependent upon the quantity of lithium reaching the junction.
The decrease in Jsc appears to correspond timewise to the maximum increase
of lithium at the junction. The most curious aspect of this change is the
r	 t
r
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manner in which Jsc remains constant after the lithium concentration
at the junction begins to decrease. When the redistribution has proceeded
to the extent that concentrations of lithium are no longer detectable at
the junction of a cell, the JSe of the cell remains at the same value it
degraded to when the maximum concentration of lithium was present. Since
the Jsc is largely a function of the minority carrier lifetime in the base
regions, one must assume that additional recombination centers are formed
in the base region during the presence of the lithium. These defects
remain after the lithium donors are no longer present. Their concentration
is too small to be detected in any way other than lifetime or Jsc changes.
Evaluations are now in progress to determine the effect of various
redistribution times upon radiation recovery behavior. The present results
indicate an inverse relationship between recovery time and the concentration
of lithium at the junction. Further work is planned to test this conclusion
and other aspects of redistribution.
C. Carrier Removal Studies
	
L^^
Work has continued on the study of carrier removal rates in silicon
crystals doped with lithium during growth. This work is developing the
relations which govern the reaction of radiation produced defects with
lithium. Previous work has shown that the instantaneous carrier removal
rate is directly related to the lithium concentration. This relation implies
a monatomic reaction of lithium with a displacement product. Recently it
was noted under extremely high electron fluences, the same samples tend to
approach a constant carrier concentration. This means that the ratio of
remaining lithium ions to lithium-radiation defect complexes has also
reached a constant value. This situation is highly suggestive of a
s
i
+b
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chemical reaction In a state of equilibrium. This hypothesis is now
under f urther study.
An additional study is •,n progress on the hall mobility of irradiated
heavily lithium doped silicon. This recent work indicates that when this
material is irradiated, the hall mobility, which was originally impurity
dominated, does not change. Such behavior indicates that the loss of
carriers from the conduct-,on band, as shown by hall effect changes, is
accompanied by the production of deep lying oppositely charged (acceptor)
detects. The net effect of the two processes is that lithium ions are
replaced by negatively charged acceptor defects and the total number of
charged centers remains constant. Since the total number of scattering
centers is constant, the mobility also remains unchanged. Our previous work
failed to find indications of a deep acceptor after irradiation; however,
the hall measurement is not capable of locating energy levels near the center
or on the opposit( side of the forbidden band. Such a scheme of defect
behavior would (;plain the curious annealing behavior found for carrier
removal damage. We have observed that only about 50% of the removal damage
in these mate • :.als can be recovered by annealing. If the lithium containing
acceptor def.s^ts anneals by the formation Li 2Si, the normal equilibrium phase,
rather than dissolution with return of lithium to the donor state, annealing
;f
would only recover half the conduction electrons removed. The negative
acceptor complex would surrender one electron, but the lithium atom would
remain ieutral as it forms the silicide. Further work is planned to test
this nodel.
We have also been able to prepare uniformly lithium doped silicon wafers
by diffusion of lithium. The use of LiAlH 4
 eliminates the cracking of thin
wafers associated with oil suspensions of lithium metal. The removal of
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material for
from 0.01 to
will be used
doped in the
material has
surface cleanup is also minimal. Wafers of resistivities
0.5 ohm-cm have been prepared in this manner. This material
in removal rate studies to test observations made on silicon
melt with lithium. It has been observed that the diffused
a much higher mobility than that of the previously used
material of the same resistivity.
III. FUTURE WORK
A considerable number of lithium doped float zone silicon solar cells
t
has been received for evaluation and comparison with previous data.
Additional work will be extended in the carrier removal studies and junction
capacitance studies in order to obtain more detailed information on the
energy levels involved in the lithium -silicon system. In addition, it is
anticipated that the use of lithium LiA1H 4
 as a diffusion source will be
attempted on a conventional lithium doped solar cell.
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BASE MATERIAL LITHIUM INTRODUCTION
CELL BASE RESISTIVITY DIFFUSION REDISTRIBUTION
GROUP GROWTH (ohm-cm) DOPANT SOURCE	 (min/°C) (min/°C)
Cl Cruc. 25-35 Arsenic Paint-on 	5/450 40/450
C2 Cruc. 5-10 Antimony Paint-on	 90/425 120/425
H1 Cruc. 100-200 Arsenic Paint-on	 90/425 60/425
H2 Cruc. 20 Phosphorus Paint-on 	 90/425 60/425
T2 Cruc. >20 Phosphorus Evaporated 90/400 120/400
TABLE I. LITHIUM SOLAR CELL MANUFACTURING PARAMETERS
F
A
I
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CELL INITIAL DAMAGED RECOVERED TIME (hours) TO TIME (days) TO 1/2
CROUP LEVEL LEVEL LEVEL 1/2 RECOVERY RECOVERY POINT AT
(Isc ma.) (Isc ma.) (Isc ma.) POINT AT 100 °C 25°C (EXTRAPOLATED)
Cl 61-65 23-26 38-41 7
C2 52-60 18-24 none
H1 40-48 20-23 36-39 1.2 56
H2 50-55 20-22 35-37 0.6 61
T2 58-63 19-22 40-46 0.4 10
TABLE II. LITHIUM SOLAR CELL RECOVERY CHARACTERISTICS
iVt,
	 t.±.
^i
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CELL ND (cm 3) CELL ND (CM-3
 ) C- ELL ND (cm 3)
Cl-1 3.02 x1015 C2-1 17.51 x10 15 H1-1 4.87 x1015
C1-2 3.13 C2-2 6.65 Hl-2 3.24
C1-3 3.21 C2-3 5.14 H1-3 4.93
C1-4 2.85 C2-4 20.03 H1-4 4.97
C1-5 3.26 C2-5 5.73 H1-5 7.18
C1-6 3.46 C2-7 5.49 H1-21 4.57
C1-7 3.38 C2-8 5.31 H1-22 5.00
Cl-8 2.97 C2-9 3.78 H1-23 5.02
C1-9 3.61 C2-10 13.04 H1-24 4.21
C1-10 3.43 C2-11 10.22 H1-25 4.74
e
CELL
H2-3540
H2-3542
H2-3543
H2-3545
H2-3547
H2-3549
H2-3552
H2-3555
H2-3557
H2-3568
ND (cm 3)
7.03 x1015
7.14
7.24
10.26
6.51
7.61
6.92
6.84
6.94
6.84
ND (cm 3)
3.07 x1015
3.80
3.91
3.01
3.99
4.10
3.56
3.89
2.58
3.34
CELL
T2-1
T2-2
T2-3
T2-4
T2-5
T2-6
T2-7
T2-8
T2-9
T2-10
i
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TABLE III. DONOR CONCENTRATION AT JUNCTION
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FIG. 1 RECOVERY OF GROUP Cl LITHIUH SOLAR CELLS AT 100%
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Fig. 2 RECOVERY OF GROUP Cl LITHIUM SOLAR CELLS AT 80°C
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FIG. 3 RECOVERY OF GROUP Cl LITHIUM SOLAR CELLS AT 60°C
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FIG. 4 RECOVERY OF GROUP C2 LITHIUM SOLAR CELLS AT 100°C
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FIG. 5 RECOVERY OF GROUP C2 LITHIUM SOLAR CELLS AT 80°C
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FIG. 6 RECOVERY OF GROUP C2 LITHIUM SOLAR CELLS AT 60°C
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FIG. 7 RECOVERY OF GROUP Hl LITHIUM SOLAR CELLS AT 100°C
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FIG. 8 RECOVERY OF GROUP H1 LITHIUM SOLAR CELLS AT 80°C
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FIG. 9 RECOVERY OF GROUP H1 LITHIUM SOLAR CELLS AT 600C
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FIG. 10 RECOVERY OF GROUP H2 LITHIUM SOLAR CELLS AT 100°C
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FIG. 11 RECOVERY OF GROUP H2 LITHIUM SOLAR CELLS AT 80°C
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FIG. 12 RECOVERY OF GROUP H2 LITHIUM SOLAR CELLS AT 60°C
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FIG. 13 RECOVERY OF GROUP T2 LITHIUM SOLAR CELLS AT 100'C
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FIG. 14	 RECOVERY OF GROUP T2 LITHIUM SOLAR CELLS AT 80°C
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FIG. 15 RECOVERY OF GROUP T2 LITHIUM SOLAR CELLS AT 60°C
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FIG. 16 CAPACITANCE VS. VOLTAGE FOR GROUP C1 LITHIUM SOLAR CELLS
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FIG. 17 CAPACITANCE V'S. VOLTAGE FOR GROUP C2 LITHIUM SOLAR CELLS
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FIG. 18 CAPACITANCE VS. VOLTAGE FOR GROUP H1 LITHIUM SOLAR CELLS
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FIG. 19 CAPACITANCE VS. VOLTAGE FOR GROUP H2 LITHIUM SOLAR CELLS
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FIG. 20 CAPACITANCE VS. VOLTAGE FOR GROUP T2 LITHIUM SOLAR CELLS
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FIG. 21 CHANGES IN DONOR CONCENTRATION AT THE
JUNCTION DURING REDISTRIBUTION
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FIG. 22 SHORT CIRCUIT CURRENT CHANGES DURING REDISTRIBUTION
